[1] The Southern Ocean Subtropical Front (STF) is thought to play a key role in the global climate system. Theory suggests that the latitude of the STF regulates the volume of saline Agulhas Leakage into the Atlantic Ocean from the Indian. Here we use satellite sea surface temperature (SST) and sea surface height (SSH) data to study the physical characteristics of the STF water mass boundary. We find that the strong currents in this region do not align with the surface water mass boundary. Therefore, we provide a new climatology for these currents which we define as the Dynamical STF (DSTF). The DSTF is the eastward extension of the western boundary current in each basin and is characterized by strong SST and SSH gradients and no seasonal cycle. At the center of each basin it merges with the Sub-Antarctic Front. On the eastern side of basins, the STF surface water mass boundary coincides with a separate region of multiple SST fronts. We call this the Subtropical Frontal Zone (STFZ). The fronts in the STFZ have a large seasonal cycle and no SSH signature. Despite lying close to the same water mass boundary, the DSTF and STFZ are completely unrelated. We therefore suggest the term STF only be used when referring to the surface water mass boundary. When studying the strong currents on the western side of basins the term DSTF is more relevant and, similarly, the term STFZ better describes the region of enhanced SST gradients towards the east.
Introduction
[2] Quaternary paleo-records and climate simulations of recent decades suggest that the Subtropical Front (STF) plays a key role in the global climate system [Peeters et al., 2004; Bard and Rickaby, 2009; Biastoch et al., 2009; Mart ınez-M endez et al., 2010; Beal et al., 2011] . One powerful hypothesis is that the STF acts as a ''gate keeper'' south of Africa. The theory suggests a wind-induced poleward shift of the STF would widen the gateway between the Atlantic and Indian Oceans and strengthen the Atlantic Meridional Overturning Circulation by allowing a greater salt flux, in the form of Agulhas Leakage, to the Atlantic. Confirmation of the theory is limited by lack of data, but arguably more so by the fact that the STF is poorly defined.
[3] Studies often use different methods to identify the STF [Orsi et al., 1995; Belkin and Gordon, 1996; Kostianoy et al., 2004; Burls and Reason, 2006; Sokolov and Rintoul, 2009; Dencausse et al., 2011] . Climatologies therefore vary in the number of fronts defined and also the latitude of the STF ( Figure 1 ). As a result it is still unresolved whether the STF experiences a large or small seasonal cycle [Deacon, 1982; Smythe-Wright et al., 1998; Wainer et al., 2000; James et al., 2002; Saraceno, 2004; Burls and Reason, 2006] , and also how the position of the front is related to the wind stress curl field [Deacon, 1982; Peeters et al., 2004; Burls and Reason, 2006; Zharkov and Nof, 2008; Bard and Rickaby, 2009; Dencausse et al., 2011] . The relationship between the position of the STF and wind stress curl is addressed in detail in a companion paper .
[4] The most established climatologies of the STF, derived by Belkin and Gordon [1996] and Orsi et al. [1995] , define the front as the boundary between warm saline subtropical surface waters and cooler fresher SubAntarctic waters (Figure 1 ). This boundary is identified using isohalines and isotherms [Deacon, 1982; Orsi et al., 1995; Belkin and Gordon, 1996] . For example, Belkin and Gordon [1996] use the surface 35.0 psu isohaline to define their Southern STF, while Orsi et al. [1995] use the criteria of a temperature range between 10 and 12 C and salinity range of 34.6-35.0 psu at 100 m depth. Scalar water mass property definitions of fronts, like these, are inherently continuous. These climatologies of the STF depict the front as a continuous primarily zonal feature extending from $40 S in the western Atlantic to the eastern Pacific (Figure 1 ).
[5] Across circumpolar water mass boundaries there are often sharp horizontal gradients of water mass properties [Orsi et al., 1995; Belkin and Gordon, 1996] . At some locations these contribute to large density gradients. Here a strong current is present, which inhibits mixing between the water masses on either side of the front [Hughes and Ash, 2001; Naveira-Garabato et al., 2011] . We will refer to these currents as dynamical fronts. Temperature and salinity gradients across the STF are density compensating in the upper layers of the ocean [James et al., 2002; Burls and Reason, 2006; Smith et al., 2013] . Thus, it is possible to have large gradients in water mass properties at places without a strong current. Density compensation across the STF water mass boundary is thought to be strongest on the eastern sides of basins [James et al., 2002; Burls and Reason, 2006] .
[6] Often the STF is explicitly defined as a strong current rather than a surface water mass boundary [Lutjeharms, 1981; Stramma and Peterson, 1990; Stramma, 1992; Stramma et al., 1995; Smythe-Wright et al., 1998; Dencausse et al., 2011] . In other cases though, a current that is considered by some to be the STF is referred to as another name, such as the South Atlantic Current [Stramma and Peterson, 1990] . The current associated with the STF is thought to follow a path similar to the surface water mass boundary [Stramma and Peterson, 1990; Stramma, 1992; Stramma et al., 1995; Smythe-Wright et al., 1998 ], but weaken as it travels from west to east [Stramma and Peterson, 1990; Stramma, 1992; Stramma et al., 1995] .
[7] More recently, high-resolution satellite data and model output have revealed that, unlike circumpolar fronts delineating water masses, dynamical fronts in the Antarctic Circumpolar Current (ACC) are not continuous [Pollard et al., 2002; Sokolov and Rintoul, 2007; Thompson et al., 2010; Graham et al., 2012] . The number of dynamical fronts present varies substantially with longitude and is controlled mainly by the bottom topography [Thompson et al., 2010; Graham et al., 2012] . The continuity of the STF water mass boundary has also been questioned, in particular at the boundaries between the different sectors of the Southern Ocean [James et al., 2002; Dencausse et al., 2011] . When suggesting the STF is discontinuous it is important to be clear whether this refers to the enhanced gradients across the water mass boundary or simply a discontinuity in the current.
[8] Another frequent definition of the STF is the southern boundary of the subtropical gyres [Smythe-Wright et al., 1998; Burls and Reason, 2006; Bard and Rickaby, 2009; Beal et al., 2011; Dencausse et al., 2011; Smith et al., 2013] . It stands to reason that the current associated with the southern gyre boundary will become progressively weaker toward the east of each basin as transport along the current will recirculate back in to the gyre [Stramma and Peterson, 1990; Smythe-Wright et al., 1998 ]. Note that while the STF is referred to as the southern boundary of the subtropical gyres, often there is no distinction between whether this means the individual gyre boundaries or the super gyre boundary (located further south, Figure 2 ), or recognition that these definitions are not the same.
[9] A further definition of the STF is the region of maximum Ekman Convergence driven by positive wind stress curl [Deacon, 1982; Burls and Reason, 2006; Bard and Rickaby, 2009] , giving the STF its alternative name of the Subtropical Convergence. A number of studies identify this feature as a zone of enhanced temperature gradients [Kostianoy et al., 2004; Burls and Reason, 2006; Durgadoo et al., 2013] .
[10] Evidently, there are many different definitions and ways of identifying the STF. It is unclear which of these definitions can be used interchangeably or whether they correspond to the same feature. This hinders progress in our understanding of the STF and its role in the climate system, as well as our accurate interpretation of observations. Here we investigate the physical properties of the STF, using satellite sea surface height (SSH) and sea surface temperature (SST) data. We find that the strong currents in this region do not align with the STF surface water mass boundary. Therefore, we provide a new climatology of the strong currents in this region and name this the Dynamical Subtropical Front (DSTF).
Data and Methods

Identification of Fronts
[11] We first identify two sets of fronts as local maxima in the absolute SST and SSH gradients, where the magnitude of the gradients exceed 1.25 K/100 km and 0.20 m/ 100 km in SST and SSH, respectively (Figure 3) [Graham et al., 2012] . The gradients were calculated from neighboring grid points using a centered difference method. [Stramma and Peterson, 1990; Stramma, 1992; Bard and Rickaby, 2009; Beal et al., 2011] . Solid black arrows show the location of strong currents (dynamic fronts). Dashed arrows show the path of weaker return flow. The South Atlantic Current and Agulhas Return Current correspond to the southern boundary of the Atlantic and Indian Subtropical Gyres, respectively. Red line shows the location of the STF/Super Gyre Boundary. Green line shows the location of the SAF.
[12] The SST data used are monthly averages from 122 months (September 1999 to October 2009) of Version 2 of the NOAA AVHRR-only Optimum Interpolated 0.25 SST fields [Reynolds et al., 2007; Risien and Chelton, 2008] . A seasonal SST climatology is created for summer by averaging December, January, and February months and for winter by averaging June, July, and August months.
[13] The second set of fronts is obtained from satellite SSH data. Here we use the AVISO Up-To-Date Delay Time Merged Global Mean Absolute Dynamic Topography product. These data are available at weekly time intervals from 1992 to 2012. We average the data over the period [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] , to be consistent with the SST data. The SSH data have a resolution of 0.33 , but we use a product that has been resampled onto a 0.25 grid. [14] At some locations in the Southern Ocean large fronts may have a number of small-scale frontal branches (local maxima in SSH or SST gradient within the one band of increased gradients, Figure 4) . We are mostly interested in the large-scale pattern of fronts over the Subtropical Southern Ocean, and not these small-scale features. To remove these small-scale frontal branches from our analyses, we smooth the SST and SSH gradients over a 3 latitude window before identifying local maxima ( Figure 4 ). This smoothing window is large for more southern latitudes in the Southern Ocean, where the Rossby Radius is small and the width of fronts decrease. However, it works for the Subtropical latitudes which is our focus. Maps of fronts identified using the smoothed and unsmoothed data sets were compared. The fronts removed by the smoothing were mostly isolated features and were usually not continuous over a length of more than 10 longitude (not shown). The robustness of this method for identifying fronts is confirmed by an excellent data-model comparison between SST fronts identified here using these data and SST fronts identified using the same method with output from the UK Met Office High-Resolution Global Environment Model HiGEM (see Figure 
Derivation of the Dynamical Subtropical Front
[15] Dynamical fronts (strong currents) should be visible as local maxima in the SSH gradients [Sokolov and Rintoul, 2002; Billany et al., 2010; Graham et al., 2012] . In contrast, SST fronts can occur without strong currents if they are shallow features and/or there is density compensation with salinity gradients [Graham et al., 2012] .
[16] We create a climatology for the dynamical fronts at the STF water mass boundary (the DSTF) using an eastward moving iterative process. We first define the DSTF as the front identified from our (mean annual) SSH method, at the western boundary of each basin, whose position agrees best with the STF surface water mass boundary [Orsi et al., 1995; Belkin and Gordon, 1996] . This turns out to coincide with the separated western boundary currents. We start the climatology from the western side of basins because this is where previous climatologies agree most closely on the position of the STF (Figure 1 ). Moreover, there is little seasonal variability in these regions and SST and SSH gradients are both strong (Figures 5 and 6) .
[17] After defining the DSTF at the western boundaries, we move one grid point eastward. The location of the DSTF at this new point is taken to be the SSH front whose latitude is closest to that of the DSTF at the previous longitude ( Figure 3 ). If no front exists 62 latitude of the DSTF at the previous point we do not define a DSTF at that longitude and move to the next point.
[18] In some places more than one front could arguably be defined as the DSTF. Here we take into consideration the magnitude of the SSH and SST gradients and the front's position in relation to past climatologies, as well as the continuity of the branch. At some locations we define multiple branches (Figure 3) . In each basin, we end the climatology where the DSTF tracks south of the position of the Orsi et al. [1995] Sub-Antarctic Front (SAF) water mass boundary (see section 3.4.3).
ARGO Subsurface Data
[19] We compare the position of the DSTF, identified using surface data, to in situ observations of temperature and salinity made by ARGO floats. The data set we use is available from the Japan Agency for Marine-Earth Science and Technology (JAMSTEC). The product consists of monthly objective analyses of temperature and salinity data from ARGO floats that are optimally interpolated on to a 1 global grid with 25 vertical levels down to a pressure of 2000 dBar [Hosoda et al., 2008] . We average these data over the period January 2001 to December 2012.
Description of Subtropical Front Regimes
The Dynamical Subtropical Front
[20] The DSTF defined here corresponds to the eastward extension of the western boundary current in each sector of the Southern Ocean (Figure 3 ). In the Atlantic Sector of the Southern Ocean, this current is sometimes referred to as the South Atlantic Current [Stramma and Peterson, 1990] . Similarly in the Indian sector the DSTF is the Agulhas Return Current.
[21] The DSTF has strong SST and SSH gradients across it (Figures 5a and 6 ). The position of the DSTF is in reasonable agreement with previous STF climatologies in the Western Atlantic, Indian, and Pacific basins (Figure 3 ) [Deacon, 1982; Lutjeharms and Valentine, 1984; Stramma and Peterson, 1990; Stramma, 1992; Orsi et al., 1995; Belkin and Gordon, 1996; Wainer et al., 2000; Kostianoy et al., 2004; Saraceno, 2004; Burls and Reason, 2006] . This is expected given that previous climatologies were used to pinpoint the DSTF here [Orsi et al., 1995; Belkin and Gordon, 1996] .
[22] Toward the center of each basin, the path of the DSTF diverges from that of past STF climatologies [Stramma and Peterson, 1990; Stramma, 1992; Orsi et al., 1995; Belkin and Gordon, 1996] . The SSH and SST gradients clearly show that the DSTF turns southeast in all three sectors and merges with the SAF (Figures 5a and 6 ). It has previously been noted that the extensions of the western boundary currents in the Atlantic and Indian sectors merge with the SAF [Burls and Reason, 2006; Thompson and Sall ee, 2012] . However, studies referring to the STF, even those defining the front as a current, always depict a more zonal route of the front that extends through large regions of very weak SST and SSH gradients where no dynamical fronts exist (Figures 1, 3 , 5a, and 6) [Deacon, 1982; Stramma and Peterson, 1990; Stramma, 1992; Orsi et al., 1995; Stramma et al., 1995; Belkin and Gordon, 1996; Kostianoy et al., 2004; Bard and Rickaby, 2009; Sokolov and Rintoul, 2009; Beal et al., 2011] .
The Subtropical Frontal Zone
[23] On the eastern side of basins previous water mass derived climatologies of the STF coincide with a broad region of enhanced SST gradients (pink circles, Figure 5a ) [Deacon, 1982; Orsi et al., 1995; Belkin and Gordon, 1996] . We refer to this as the Subtropical Frontal Zone (STFZ).
[24] The STFZ is composed of multiple weak SST fronts, aligned northwest-southeast, that are spread over a large latitudinal span (Figures 3). On the far eastern side of basins, the STFZ becomes narrower and temperature gradients stronger, but still much weaker than across the DSTF (Figure 5a ). Further west in each basin the STFZ becomes broader and temperature gradients dissipate.
[25] There are no strong SSH gradients associated with the SST fronts in the STFZ (Figures 3 and 6) . Moreover, the SST fronts associated with the STFZ are perpendicular, as opposed to parallel, to the SSH contours (Figures 3 and  7) . This indicates that there is no large transport associated with the SST fronts within the STFZ. A high-resolution modeling study also showed that SST fronts in these regions did not coincide with strong currents (see Figure 4 of Graham et al. [2010] ). Therefore, we do not classify the SST fronts in the STFZ as dynamical fronts.
[26] The center of the STFZ coincides best with the northern front of previous studies which have defined a northern and southern STF [e.g., Belkin and Gordon, 1996, green lines, Figure 1] . The northern and southern STF are said to bound a frontal zone [Belkin and Gordon, 1996; SmytheWright et al., 1998; Kostianoy et al., 2004; Smith et al., 2013] . Descriptions of this frontal zone compare well with the features observed here in the STFZ [Kostianoy et al., 2004] . However, the southern STF of previous climatologies fits more closely with the DSTF in the west of basins, which is much further south than the mean annual position of the southern boundary of the STFZ (Figures 1 and 3) .
Seasonal Variability
[27] Seasonal composites of SST fronts show that the DSTF and fronts further south within the Antarctic Circumpolar current have negligible seasonal cycles, even in places where the bottom topography is flat (Figure 8 ). In many cases, the location of fronts in summer is exactly the same as those in winter. There is no obvious pattern of SST fronts being displaced uniformly north or south. This contradicts the large seasonal cycles that have been found in fronts within the Antarctic Circumpolar Current by tying the position of fronts to SSH contours and calls into question this technique of tracking fronts [Billany et al., 2010] .
[28] In stark contrast to the DSTF, the STFZ has a large seasonal cycle (5-7 latitude), particularly in the Indian and Pacific sectors (Figure 8 ). During summer months, the STFZ moves southward and is in close proximity to the DSTF in the central Atlantic and Indian sectors (Figures 5b and 5c) . However, the annual mean STFZ is situated $5 north of the DSTF and follows the same northwest-southeast alignment (Figure 5a ). The position of the STFZ is in better agreement with previous climatologies of the STF during summer months (Figure 5c ). This may be due to a historical bias toward summer measurements in the Southern Ocean.
Water Mass Boundaries
[29] Here we describe the relationship between the frontal systems described above and water masses in the Subtropical and Southern Oceans. Water mass properties are derived from the ARGO data described in section 2.3.
The Subtropical Front
[30] The STF is usually defined as a surface water mass boundary [Orsi et al., 1995; Belkin and Gordon, 1996] . The Orsi et al. [1995] STF roughly separates the more saline subtropical waters from the fresher Sub-Antarctic Waters at 75 dBar (Figure 9a ).
The Dynamical Subtropical Front
[31] The DSTF sits at the southern limit of the saline subtropical waters on the western sides of basins (Figure 9a) . However, the DSTF is not only a surface water mass boundary. It is also a deep water mass boundary.
[32] At intermediate depths, low salinity Antarctic Intermediate Waters (AAIW) spreads northward from the SAF up to the DSTF. For example, in the Western Indian Sector an area of low salinity water can clearly be seen between the Orsi et al. [1995] SAF and DSTF at 800 dBar ( Figure 9b) . North of the DSTF is more saline waters within the subtropical gyre.
[33] The AAIW descends to a greater depth as it passes the DSTF (Figure 10 ). This is possibly a result of cabbeling, due to the strong and partially density compensating temperature and salinity gradients across the upper levels of this front [Talley and Yun, 2001] . Isopycnal mixing across the front could increase the density of the low salinity water causing it to sink further.
[34] Below the AAIW layer is more saline North Atlantic Deep Water (NADW). NADW upwells on the southern side of the DSTF and SAF (Figure 10 ). At 1400 dBar depth, the DSTF separates saline NADW or Upper Circumpolar Deep Water to the south from fresher AAIW to the north (Figure 9c ). Interestingly, this means there is a reversal of the salinity gradient with depth across the DSTF. In the upper layers, a positive meridional salinity gradient contributes a westward component to the geostrophic current. At depth the negative meridional salinity gradient drives an eastward geostrophic current.
[35] The fact that the DSTF is a deep water mass boundary helps explain why the path diverges somewhat from previous STF climatologies which correspond to a surface water mass boundary. Changes in the structure of fronts with depth have previously been highlighted in highresolution ocean models [Thompson et al., 2010] . It is likely that the strong current associated with the DSTF on the western side of basins constrains the position of the surface water mass boundary there.
[36] One must be cautious when using fixed scalar quantities (e.g., isotherms, isohalines, and SSH contours) at fixed depths to define frontal features. It is evident that salinity varies substantially along the DSTF in the upper layers of the ocean (Figures 9a and 9b) . Satellite data have already been used to show that the SST along fronts is not constant and changes between seasons [Kostianoy et al., 2004] . Moreover, it is clear that the depth of the AAIW differs between the different basins (Figure 9b) .
The Sub-Antarctic Front
[37] The salinity fields can help identify where the DSTF and SAF merge. The SAF is defined as the southern limit of AAIW [Pollard et al., 2002] SAF is a reasonable approximation of the southern limit of the low salinity AAIW at 800 dBar (Figure 9b ).
[38] At intermediate levels, the DSTF separates saline subtropical water to the north from fresher AAIW to the south (Figure 9b ). However, on the eastward continuation of the DSTF, the meridional salinity gradient switches and we find fresh AAIW to the north and more saline water Upper Circumpolar Deep Water to the south at 800 dBar (Figure 9b ). Therefore, we define this front to the east as the SAF, because it marks the southern limit of AAIW at this depth.
The Subtropical Frontal Zone
[39] There are no water mass boundaries associated with the SST fronts in the STFZ, at the surface or at depth (Figure 9 ). In most places, the SST fronts are orthogonal to the isohalines, isotherms, and SSH contours (Figures 3, 7 , and 9). Thus, the fronts within the STFZ are neither water mass boundaries nor dynamical fronts.
Discussion
Subtropical Front Continuity
[40] During summer months, there are enhanced SST gradients at all points along the STF surface water mass boundary (Figure 5c ). This gives the impression of a single continuous frontal feature. However, this is not the case. For example, during winter months there is a break in the SST gradients in the center of each basin (Figure 5b ). The areas of enhanced SST gradients at the STF water mass boundary on the west and east of each basin correspond to two distinct features; the DSTF and STFZ, respectively. The Atlantic Sector STFZ and Indian Sector DSTF appear to merge when studying the SST gradients alone (Figure 5a ). However, it is clear when studying the salinity fields at intermediate depths . Salinity cross section: Salinity cross section (using the same data as in Figure 9 ) at 320 E. Pressure levels: 5-75 dB, 10-250 dB, 15-700 dB, 20-1200 dB, and 25-2000 dB. (Figure 9b ) and the SSH gradients ( Figure 6 ) that these are two separate and unrelated features.
[41] The physical characteristics of the STFZ and DSTF are very different. The DSTF is characterized by strong SST and SSH gradients. In contrast the STFZ is a region of strong SST gradients but only weak SSH gradients (Figures 3 and 4) . The DSTF is a deep water mass boundary, whereas SST fronts in the STFZ do not act as water mass boundaries (Figure 9) . Furthermore, the STFZ has a large seasonal cycle while the DSTF has no seasonal cycle (Figures 5 and 8) , which suggests that they are controlled by fundamentally different mechanisms. Thus, the DSTF and STFZ should not be considered as two branches of the STF (e.g., a northern and southern STF). They are not connected in anyway. There is no continuity between them. However, this is not a simple dynamical discontinuity (break in the current) along the STF, as has been suggested previously [James et al., 2002; Dencausse et al., 2011] . Instead, we identify two distinct physical features operating along the STF surface water mass boundary.
The Structure of the Subtropical Frontal Zone
[42] It is often suggested that the frontal zone at the STF water mass boundary, also referred to as the Subtropical Convergence is the result of positive wind stress curl in this region, which drives strong Ekman Convergence [Deacon, 1982; Burls and Reason, 2006; Bard and Rickaby, 2009] . However, the STFZ does not coincide with the areas of most positive wind stress curl (see Figure 2 of De Boer et al. [2013] ). The areas of most positive wind stress curl are characterized by very weak SST gradients and likely correspond to regions of mode water.
[43] The SST fronts in the STFZ may be quasizonal striations. Quasizonal striations are alternating eastward and westward vertically coherent flows that have been observed down to depths of 2000 m [van Sebille et al., 2011] . These flows have a typical transport of 4 Sv and width of approximately 100-200 km [van Sebille et al., 2011] . They have been observed in several major ocean basins using satellite SSH data, high-resolution model output, expendable bathythermographs, and Argo float data [Maximenko et al., 2008; van Sebille et al., 2011; Taguchi et al., 2012; Wang et al., 2012] . The striations are revealed in time mean data that have been high-pass filtered to remove the signal of the large-scale circulation [van Sebille et al., 2011] .
[44] The quasizonal striations are known to exist in the same region as the STFZ in the South-East Pacific [Maximenko et al., 2008; Taguchi et al., 2012] . Moreover, the west to east poleward tilt and spacing of SST fronts in the STFZ (Figure 3 ) is similar to the spacing and alignment of striations [Maximenko et al., 2008; van Sebille et al., 2011 ; Taguchi et al., 2012 ; Wang et al., 2012] . This suggests that the SST fronts may be striations. However, our analyses here do not reveal striations in the SSH or ARGO data, and we also do not find any evidence of transport associated with the SST fronts. This is possibly because we do not filter and average the data using the same techniques [Maximenko et al., 2008 ; van Sebille et al., 2011] . As a result, we cannot conclude that the SST fronts are striations.
[45] The mean annual position of striations is constant between different years [van Sebille et al., 2011] . Their seasonal cycle has not yet been examined and so cannot be compared to the large seasonal cycle of 5-7 latitude of the STFZ (Figure 8) .
[46] The factors leading to the formation of quasizonal striations are still not clear [van Sebille et al., 2011] . Wang et al. [2012] suggest that they are formed by instabilities in the eastern boundary currents of the subtropical gyres. If the SST fronts in the STFZ are striations this could explain why the STFZ is narrower on the eastern sides of basins and SST gradients stronger (Figures 3 and 5) .
Relation of the STF to the Subtropical Gyres and Super Gyre
[47] In the SSH field, the DSTF follows the southern boundary of the individual subtropical gyres in each sector (Figure 7 ). This can also be seen in the salinity field at intermediate depths (Figure 9b ). The DSTF clearly marks the southern limit of the saline water contained within the subtropical gyre. The DSTF does not mark the southern boundary of the super gyre circulation.
[48] Idealized studies using models without bottom topography show a dynamical front at the southern boundary of the Super Gyre as it passes between the Atlantic and Indian Oceans [De Ruijter, 1982; Le Bars et al., 2012] . The Super Gyre Boundary would sit to the south of the DSTF (subtropical gyre boundary) in the Indian Ocean (Figure 2 ). We find no evidence of a dynamical front at the Super Gyre boundary here that is distinct from the SAF (Figures 6, 7, and 9b) . The only strong currents in this region are associated with the DSTF (the Agulhas Return Current) and the SAF.
[49] The Super Gyre boundary also does not coincide with the STF surface water mass boundary [Orsi et al., 1995; Ridgway and Dunn, 2007] . For example, the super gyre passes south of the Campbell Plateau whereas the STF water mass boundary is located almost 10 further north on the southern coast of New Zealand Orsi et al., 1995; Ridgway and Dunn, 2007] .
[50] The STFZ is located well north of the gyre boundaries ( Figure 7) . It is situated in the region of weak northward return flow.
Paleo-Reconstructions of the STF
[51] Paleoceanographers routinely reconstruct the location of the STF during the Quaternary in order to infer changes in the Southern Hemisphere Westerlies and global climate [Peeters et al., 2004; Sikes et al., 2009; Mart ınez-M endez et al., 2010; De Deckker et al., 2012; Kohfeld et al., 2013] . Due to the low spatial resolution of paleoceanographic data, past locations of fronts are usually inferred using isotherms .
[52] Importantly, we now see that study sites used in STF reconstructions on the east and west of basins are recording changes of two distinct physical features, namely the DSTF and STFZ. This can help explain why nonuniform SST changes have been documented along the STF water mass boundary during glacial-interglacial cycles [N€ urnberg and Groeneveld, 2006] .
[53] Notably, we would expect a stronger SST anomaly in response to a shift in the position of the DSTF compared with the STFZ, due to the stronger SST gradients across the DSTF. However, given the greater seasonal variability of the STFZ one might expect this feature to respond more sensitively to climatic change (i.e., shift a greater distance than the DSTF).
Consequences for the ''Gatekeeper'' Hypothesis
[54] The position of the STF south of Africa is thought to be related to the volume of Agulhas Leakage into the Atlantic Ocean such that a more southern position of the STF allows more leakage [Peeters et al., 2004; Bard and Rickaby, 2009; Biastoch et al., 2009; Mart ınez-M endez et al., 2010; Beal et al., 2011] . However, it is somewhat unclear whether the STF is proposed as a physical mechanism that acts to reduce leakage or whether its position is merely an indicator of changes in leakage.
[55] If the STF is defined as the super gyre boundary then the latitude of the STF south of Africa marks the width of the leakage gateway between the Indian and Atlantic Oceans [Beal et al., 2011] . Thus changes in the latitude of the STF might indicate changes in leakage [Bard and Rickaby, 2009] . However, the STF surface water mass boundary does not coincide with the super gyre boundary [Orsi et al., 1995; Ridgway and Dunn, 2007] . At the western sides of basins, it is likely that the STF surface water mass boundary is constrained to the position of the DSTF. In the Indian Ocean this corresponds to the Agulhas Return Current, which is north of the super gyre boundary. It remains uncertain whether a change in the position of the Agulhas Retroflection and Agulhas Return Current would alter the volume of Agulhas Leakage [Zharkov and Nof, 2008; van Sebille et al., 2009; Le Bars et al., 2012] .
[56] As there is no dynamical or surface water mass front, distinct from the SAF, associated with the super gyre boundary south of Africa there is no easily identifiable feature to monitor its position in present day observations or the paleo-record. Signals from paleo-records in this region are likely dominated by changes in the Agulhas Return Current, although background SST gradients are very high over this whole region ( Figure 5 ).
[57] We can further conclude that, because there is no continuous dynamical front associated with the STF surface water mass boundary, the STF is not a physical barrier in the Southern Ocean that could shift northward and ''choke'' the Agulhas Leakage. The only front that might act in this fashion is the SAF. However, the factors which determine the location of the SAF are still largely unknown. The SAF is thought to be more heavily constrained by topography than the STF and is unlikely to shift in response to changes in the wind [Graham et al., 2012] .
Summary
[58] We demonstrate using SSH gradients that the strong currents (dynamical fronts) associated with the STF do not align with the surface water mass boundary. We derive a new climatology of these dynamical fronts and name this the DSTF. The STF is only a dynamical front on the western sides of basins. The DSTF is the eastward extension of the western boundary current of each basin and marks the southern limit of the subtropical gyre circulations. In the Indian Basin, the DSTF is the Agulhas Return Current. The DSTF is orientated northwest to southeast in each basin and merges with the SAF. In contrast, the STF surface water mass boundary follows a more zonal route across each basin. The reason the paths of both features diverge is that the DSTF is a deep water mass boundary whereas the STF defined by Orsi et al. [1995] is a surface water mass boundary.
[59] There is no continuous strong dynamical front, distinct from the SAF, associated with the southern boundary of the super gyre circulation. Moreover, the position of the super gyre does not correspond to the position of the STF water mass boundary [Orsi et al., 1995; Ridgway and Dunn, 2007] . These results cast uncertainty on how the latitude of the STF might relate to the volume of Agulhas Leakage into the Atlantic.
[60] On the eastern side of basins water mass derived climatologies of the STF coincide with a separate region of enhanced temperature gradients which we call the STFZ. This region is composed of multiple SST fronts that are aligned parallel to the DSTF. Separating the DSTF and STFZ is an area of weak temperature gradients. There are no strong SSH gradients in the STFZ. Thus, there is little transport associated with this feature and it does not act as a water mass boundary. It is possible that the SST fronts in the STFZ are quasizonal striations, which are observed on the eastern side of a number of subtropical gyres [Maximenko et al., 2008; van Sebille et al., 2011] .
[61] The STFZ has a large seasonal cycle. During summer months, it moves south by 5-7 latitude and is in close proximity to the DSTF. This results in a continuous band of enhanced SST gradients along the STF water mass boundary. In contrast to the STFZ, the DSTF and fronts within the ACC have no clear seasonal cycle. The fixed position of the fronts within the ACC occurs even over flat topography which calls into question the SSH contour methods that have found strong seasonal cycles in the location of the fronts here.
[62] Currently, we refer to the DSTF and STFZ as the STF. Given that they have such different characteristics, referring to these features with a single name is misleading, confusing, and counterproductive. In order to advance our understanding of how these features may respond to past or future climate change we must consider the STF surface water mass boundary, the DSTF and the STFZ independently.
